Introduction of silver into some inorganic material causes the resulting mixture to have antibacterial activity. Here, we investigated the role of silver in the bactericidal activity of silver-loaded zeolite, by measuring the effects of silverloaded zeolite on Escherichia coli cell viability under conditions in which the oxidation state of the silver was controlled electrochemically. Bactericidal activity was observed when the sweeping voltage between 0 and 0.7 V was applied to the silver electrode. When nitrogen gas bubbling or reactive oxygen scavengers were added to the experimental system, bactericidal activity decreased. These results indicated that the redox cycle, Ag 0 <-> Ag + , caused the dissolved oxygen to form reactive oxygen species.
Introduction
Sterilization is an important process for sanitation and hygiene. Inorganic antibacterial materials have been attractive as antibacterial agents and are used various situation [1] [2] [3] [4] . Of the many inorganic antibacterial materials, silver-loaded materials are particularly attractive because they are highly effective antibacterial agents [5] [6] [7] .
We previously prepared a silver-loaded material using zeolite (crystalline aluminosilicate) and confirmed that silver-loaded zeolite (Ag-Z) in deionized water has antibacterial activity [8] . We used zeolite as a carrier to load silver ion. Zeolite has exchangeable cation site. It enables to make the material with high dispersion of silver. Ag-Z in water causes dissolved dioxygen to form reactive oxygen species. We also reported that light irradiation was necessary to form reactive oxygen species [9] .
The aim of this was study to examine the role of silver in Ag-Z on activating dissolved oxygen. We focused on the redox status of silver in this study because it was a factor in the reduction of dissolved dioxygen. Reactive oxygen species were formed by serial reduction of dissolved oxygen in Ag-Z. The oxidation number might vary during the antibacterial process. To investigate the contribution of the redox state of silver in Ag-Z to the bactericidal activity of this compound, bactericidal assays were performed under conditions in which the redox state of silver was controlled using an electrochemical method. Electrochemical method was used for the precise control of the state of silver.
The present results may contribute to the creation of more effective antibacterial materials.
Materials and Methods
The water used in this study was deionized water ( >17 M·cm ) prepared using a puric system, specifically the puric-S model (Organo Co. Ltd., Japan). The strain Escherichia coli NIHJ JC2 was used in the assays of bactericidal activity.
A suspension (300 ml) containing E. coli (c.a. 10
) was stirred using a magnetic stirrer. The start of the treatment was the time point at which the voltage was applied. A dual potentio-galvanostat (DPGS-1, Nikko Keisoku, Japan) and a potential sweeper (NPS-2, Nikko Keisoku, Japan) were used to control the oxidative state of the silver. The silver electrode, saturated silver chloride electrode and platinum electrode were used as the working, referential, and counter electrodes, respectively. The sweeping speed was 20 sec·V -1 . To prepare the bacterial suspension, sodium nitrate solution was used for avoiding the precipitation of silver salt during the electrochemical process. The concentration was determined to be 0.5 mol·l -1 by considering the osmotic pressure. The antibacterial activity was estimated by taking the time course of the viable cell count of E. coli NIHJ JC2 cells.
The viable cell counts were determined by colony-counting. Samples were removed for determination of viable cell counts. Serial 10-fold dilution of the bacterial suspension (10 -1 -10 -4
) were then prepared in phosphate buffered saline (PBS; pH 7.0). Aliquots of 100 μl of the diluted sample were plated on agar-solidified Mueller Hinton broth (Difco, Detroit, MI). The plates were then incubated at 37˚C for 24 h and then colonies were counted. Killing curves were constructed by plotting numbers of viable cells against time. All assays were performed in triplicate and averaged values were plotted.
Results and Discussion
Light is necessary to elicit the antibacterial activity of Ag-Z [9] . We focused on the oxidation state of silver in this study because light irradiation may lead to the reduction of silver ions in systems containing Ag-Z. According to the potential-equilibrium diagram for the silver-water system, the oxidation state of silver changes at around 0.7 V when pH of the system is 5.2.
An electrolyte solution was used to keep the bacterial cells in suspension during the electrochemical analysis. Nitrate was used as the solute because the salts in some other buffer solutions react with silver ions to form precipitates. The oxidation number of silver in Ag-Z must be +1 since silver introduced to zeolite using silver nitrate solution by ion-exchange reaction. The change in the viable cell count of E. coli cells was determined when the applied voltage was fixed at 0.6 V. Under these conditions, the viable cell count did not change substantially over the course of 60 min (Figure 1) . Moreover, the viable cell count did not change substantially for 60 min when silver metal (1 g) was added to the bacterial suspension (data not shown). These results indicated that Ag-Z had very little bactericidal activity when the oxidation number of silver was equal to zero. The cyclic voltammogram analysis at the silver electrode in a 0.5 mol dm -3 sodium nitrate solution showed that the oxidation process, Ag 0 -> Ag + , occurred at ca. 0.62 V (data not shown). To assess whether the silver redox process, Ag 0 <-> Ag + , affected the bactericidal activity of Ag-Z, the change in the viable cell count was determined while a sweeping voltage, between 0 and 0.7 V, was applied to the system. (Figure 2) The number of viable E. coli cell decreased drastically during the 5 min to 15 min period, and no viable cells was found at 20 min. This result indicated that the cycle of oxidation-reduction, Ag 0 <-> Ag + , affected the bactericidal activity of Ag-Z. These results indicated that the increase in bactericidal activity of Ag-Z was not simply the result of the reduction of silver, but rather that Ag-Z acquired bactericidal activity as a result of the Ag redox cycle. Figure 2 shows the effect of nitrogen gas bubbling on the bactericidal activity of Ag-Z during the silver redox cycle. Although the silver redox cycle proceeded under these conditions, the number of viable cells barely changed over the course of 60 min when nitrogen gas was bubbled into the system. The bubbling of nitrogen gas purged the dissolved dioxygen out of the system. Therefore, the redox process of silver affected the activation of the dissolved dioxygen.
In this system, the oxidation of silver metal may cause oxygen to be reduced, and the super oxide anion   ) on the bactericidal activity of Ag-Z as the silver redox proceeded. Catalase and benzoate are scavengers of hydrogen peroxide and hydroxyl radical, respectively. Neither scavenger affected the viability of the E. coli cells [8] . When catalase was added to this system, the viable cell count barely changed. However, addition of benzoate effectively suppressed the bacteri-500 550 600 wavelength/nm cidal activity of Ag-Z. These results indicated that the silver redox cycle activated the dissolved dioxygen to form a reactive oxygen species.
In summary, the results obtained in this study indicated that the mode of action of the bactericidal activity of Ag-Z was as follows:
1) silver ion in zeolite was reduced to silver metal (Ag + <-> Ag 0 ) by light irradiation 2) a redox reaction, specifically the oxidation of silver (Ag 0 <-> Ag + ) and the reduction of dissolved dioxygen proceeded.
3) reduced oxygen species, such as the super oxide anion, hydrogen peroxide, and hydroxyl radical, attacks E. coli, which then lose the ability to grow.
The redox cycle of silver might proceed at a much higher rate in Ag-Z than the electrochemical control condition (20 sec·V -1 ). This might increase the antibacterial activity of Ag-Z.
